ORIGINAL ARTICLE PURPOSE We aimed to examine whether the brain displays any microstructural changes after a three-week Ramadan fasting period using diffusion tenson imaging.
D
ietary changes such as hunger and thirst have metabolic, physiological, and neurological effects. Prior studies on the impact of hunger and thirst on brain functions were usually done with fasting individuals; and these studies investigated effects of fasting on psychomotor activities, sleep patterns, and motor cortex activity (1) (2) (3) . A helpful way to understand effects of hunger and thirst on the brain is to examine neuroanatomical correlates of hunger and satiation with fasting individuals.
In Islam, fasting during Ramadan, which is the ninth month of a lunar year, is an obligatory practice. Fasting for Muslims entails abstaining from food and drink from dawn till dusk. Depending on the season that Ramadan coincides with and the location, the duration of fasting may vary between approximately 10 and 20 hours.
In the literature, different brain locations associated with hunger and satiety have been identified. In a study that used positron emission tomography, hunger was shown to be associated with an increase in neuronal activity in the hypothalamus, thalamus, basal ganglia, temporal cortex, cerebellum, insula, anterior cingulate, and orbitofrontal cortex; and satiety was found to be related to increased neuronal activity in prefrontal cortex (4) (5) .
Diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) are magnetic resonance imaging (MRI) techniques that are used to measure the molecular motion of fluid and to quantify the direction and magnitude of diffusion (6) (7) . DWI produces apparent diffusion coefficient (ADC) as a measure of the diffusion, and DTI yields fractional anisotropy (FA) values to indicate the directionality of water diffusion. ADC and FA values can be used to deduce microstructural changes (8) .
Increased ADC values would indicate microstructural damage, and higher values of FA may suggest better structural integrity (8-9).
To date, there is not a single study that examined structural integrity in the brain during fasting using DTI. The purpose of our study was to examine whether microstructural changes occur in the neuroanatomical correlates of hunger and satiety centers after a three-week Ramadan fasting period.
Methods

Subjects
The study and control groups consisted of 25 volunteering adults each (15 females and 10 males in each group). Volunteers were employees of the university where the study took place. The mean ages of the study and control groups were 30.2±8.5 years (range, 19-51 years) and 32.2±7.4 years (range, 20-48 years), respectively. The mean age of the study and control groups were not significantly different (P = 0.371). The Institutional Ethics Committee approved the study, and participants provided written informed consent. All participants had the same working environment and had similar working conditions. Body mass indices (BMI) of all participants were calculated using the World Health Organization (2006) classification system. There was no significant difference in the mean BMI of fasting and control subjects. The majority of the study (n=20) and control groups (n=22) were within the normal weight range (BMI, 18.5-24.9 kg/m 2 ), and the rest were overweight (BMI, 25.0-29.9 kg/m 2 ).
Study design
In the study group, we examined ADC and FA values of the participants during and after a period of Ramadan fasting. In this study, to establish consistency among study group participants they were told to start fasting at 00:30 am, and they broke their fast around 8:30 pm every day in Ramadan. Apart from the fasting practice, the study group did not follow any other dietary restrictions. Weight of the study subjects were measured two times: at the beginning of Ramadan and at the end of the third week of Ramadan. The difference between these two measurements were less than 1 kg on average, which indicated stabilized body weights during this three-week period.
Measurements in the study group were carried out in two phases. The first phase (phase 1) was conducted during the last week of Ramadan fasting. In the first phase, all tests were performed 15 hours after the study group started their daily fasting. Glucose, hemoglobin A1c, insulin, and homeostasis model of assessment-insulin resistance (HOMA-IR) levels were also measured in the first phase to determine and exclude participants with insulin resistance. To identify participants with brain abnormalities, T1, T2, and fluid-attenuated inversion recovery (FLAIR) axial images were obtained. None of the participants had insulin resistance or any brain abnormalities including white matter T2 hyperintense foci; thus all of them were included in the study and were further evaluated with DTI. The second phase (phase 2) took place two months after the fasting period ended. In the second phase, study subjects were evaluated by DTI within one hour of having a meal and at roughly the same day time as in the first phase.
The control group included volunteers who did not follow the fasting practice during Ramadan. The reason for having a control group in this study was to compare ADC and FA values of the study group in the second phase (i.e., two months after Ramadan ended) and the ADC and FA values of the control group. Control group participants underwent the same tests as the study group to identify individuals with insulin resistance and brain pathology. None of the participants in the control group had insulin resistance or brain abnormalities, and all of them were kept in the study. Subsequently, control group participants were evaluated with DTI within one hour of having a meal and at roughly the same day time as the study group.
Magnetic resonance imaging
MRI was performed on a 1.5 T system (Avanto, Siemens Healthcare). T1-weighted three-dimensional magnetization prepared rapid acquisition gradient echo (3D-MPRAGE) (TR/TE/TI, 12.5/5/450 ms; matrix, 128×128; field of view, 200×230 mm), T2-weighted spin echo (SE) (TR/TE, 4530/100 ms; matrix, 128×128; field of view, 200×230 mm) and FLAIR images (TR/TE/TI, 8000/90/2500 ms; matrix, 128×128; field of view, 230×230 mm) were obtained in the axial plane. The DTI protocol consisted of a single-shot SE echo-planar sequence with fat suppression technique (TR/TE, 2700/89 ms; matrix, 128×128; field of view, 230×230 mm; slice thickness, 3 mm). Thirty diffusion encoding directions were used at b=0 s/mm 2 and b=1000 s/mm 2 .
Image interpretation and analysis
The post-processing of DWI data sets was carried out on a workstation (Leonardo, software version 2.0, Siemens Healthcare), and the ADC and FA maps were reconstructed. ROIs were placed in hunger and satiety related centers, and ROI sizes were determined based on the size of the brain area measured (4, 5, 10) . To standardize the measurements all ROIs were obtained from the left cerebral hemisphere. The areas of ROIs were 10 mm 2 in the left hypothalamus, hippocampus, insula, orbitofrontal cortex, thalamus, midbrain, amygdala, occipital cortex, and cerebellum; 8 mm 2 in the left middle temporal cortex, cingulate gyrus, medial prefrontal cortex, and lateral prefrontal cortex; and 30 mm 2 in the left corpus striatum (Fig) . Two experienced radiologists (A.B., S.Y.), who were blinded to the satiety conditions of the participants, manually drew similar size ROIs on axial color-encoded ADC and FA maps of all participants. Imaging distortions were automatically corrected, and the data were co-registered in reference to T1-weighted 3D-MPRAGE images. ADC and FA values were obtained automatically with reference to corresponding ADC and FA maps.
Statistical analysis
All statistical analyses were performed using SPSS 17.0, a commercially available software package (SPSS, Inc.). Descriptive statistics for ADC and FA values were reported as mean± standard deviation. The ADC and FA comparisons were done using t tests and Cohen's d effect sizes. A P value below 0.05 was considered statistically significant in all analyses.
Results
Phase 1 and phase 2 ADC and FA values at 14 different brain locations in the study group are presented in Table 1 . The mean ADC and FA values of the control group are presented in Table 2 . Paired t test results showed that the mean ADC value of the hypothalamus was significantly lower in phase 1 compared with phase 2 with a Cohen's d effect size of 0.67 (P = 0.025). The mean ADC value of insula in phase 1 was also relatively lower compared with that in phase 2 with a Cohen's d effect size of 0.57 although the difference was not statistically significant (P = 0.052).
We also compared ADC values of the study group in phase 1 to the ADC values of the control group. The mean ADC values of the hypothalamus (P = 0.022; Cohen's d, 0.67) and the insula (P = 0.051; Cohen's d, 0.57) for the study group in phase 1 were statistically and practically lower than the mean ADC values of the same locations in the control group.
The mean FA values of the amygdala (P < 0.001) and middle temporal cortex (P < 0.001) were significantly lower in phase 1 compared with phase 2 (5), corpus striatum (6), insula (7), and thalamus (8).
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Independent samples t test comparisons between the study group's ADC and FA values in phase 2 and the control group's ADC and FA values showed no statistically significant difference at any of the brain locations. Indeed, the largest Cohen's d value obtained for these comparisons was 0.04, indicating that the study group's phase 2 ADC and FA values and the control group's ADC and FA values were quite similar.
Discussion
In this study we show that there are microstructural changes in different brain locations during the fasting period.
Diet is essential for maintaining general health and is particularly important for the brain, as it requires a steady supply of energy (11) (12) . A number of studies on the lack of energy as a consequence of fasting consistently showed a decline in attention and cognitive functions and an increase in fatigue, headaches, and irritability (13) (14) (15) .
DWI is a specific MRI technique that examines molecular motion of water at the cellular level (16) . ADC is the most widely accepted DWI measure and provides information about the local cell breakdown (17) . As a more recent MRI method, DTI allows for the measurement of the direction and magnitude of water diffusion. DTI produces FA as a measure of the orientational coherence of water diffusion. Low FA values may suggest loss of white matter integrity, decrease in axonal density, or disorganization of axonal structure (18) (19) .
Although neural mechanisms of hunger and satiation have been examined in studies that used neuroimaging techniques other than DWI, to our knowledge, no studies have been conducted with fasting individuals to investigate hunger-and satiety-related brain locations using DWI and DTI. One study that examined diffusion changes in hunger-and satiety-related centers using DWI was conducted with obese individuals (10) . This study found increased ADC values for obese individuals at hypothalamus, amygdala, hippocampal gyrus, midbrain, insula, and cerebellum. The authors suggested that vasogenic edema could be the reason for the increase in ADC values (10) .
We examined hunger-and satiety-related centers in the brain using DTI and determined that FA values of amygdala, middle temporal cortex, thalamus, and medial prefrontal cortex during fasting period were lower compared with FA values during satiety. These findings suggest microstructural changes, mainly due to loss of functional and structural integrity, at these locations. In addition ADC values of hypothalamus and insula during fasting were lower compared with the ADC values of these locations during satiety. The low ADC values of hypothalamus and insula could be secondary to a dysfunction similar to hypothalamic and insular inflammation. A recent study that was conducted with fasting mice and humans using advanced diffusion also suggested that changes in diffusion parameters could be associated with hypothalamic inflammation (20) .
Hypothalamus and insula are parts of distinct neural networks associated with energy intake and regulation of appetite. Whereas the hypothalamus plays a major role in the homeostatic control, the insula is a key contributor to the hedonic, or reward-based, regulation of appetite (21) . Long fasting hours in our study may model ungrounded diets that start with long hunger periods to restrict energy intake. Thus, our findings suggest that following such restricted diets may affect hypothalamus and insula, which may result in failure to accurately recognize hunger signals. The inaccurate perception of hunger signals can lead to refusing to eat or overeating, which are possible pathophysiologies of eating disorders such as anorexia and bulimia nervosa (22) .
Neuroimaging studies about hypothalamus, insula, amygdala, middle temporal cortex, thalamus, and medial prefrontal cortex, which were the affected hunger and satiety centers in the current study, have highlighted the crucial role of these brain locations in the neurobiology of eating disorders and, particularly, in the related emotional regulation deficits (23) (24) (25) (26) (27) (28) (29) (30) . Hypothalamus, thalamus, and amygdala, which are parts of limbic system, have major roles in processing emotions and memory (25). Amygdala also plays a pivotal role in regulating anxiety and thus coping with self-injurious behavior (23) . Dorsomedial prefrontal cortex has a central role in emotion regulation and the pathophysiology of major depression (26) . The medial prefrontal cortex and temporal cortex are associated with socioemotional responses (24) . In a previous study on patients with anorexia nervosa, Frieling et al. (28) observed reduction in FA values of thalamic regions. These regions have been implicated in the etiopathogenesis of anorexia nervosa and contribute to impairments in cognitive domains, especially set-shifting ability. In another study, Kazlouski et al. (27) found reduced FA values mainly in the amygdala-related white matter tracts of anorexia patients, which play a major role in coping with self-injurious behavior. Although all of the affected brain regions in this study have been implicated in the pathophysiology of eating disorders, most present data on brain abnormalities are still insufficient to answer some main questions about the eating disorders. Prior DTI studies on eating disorders included patients with anorexia nervosa, and, except for one, included either acutely ill patients (27) or patients after weight-restoration (30) making it impossible to answer whether microstructural abnormalities in the brain are a cause or result of these disorders, or whether these abnormalities are only related to malnourishment or underweight. The only study that included both ill and weight-recovered patients could also not answer these questions because microstructural abnormalities remained after weight-restoration (28) . Indeed to solve this problem we need studies that use healthy participants that go through long periods of hunger (e.g., fasting individuals) or studies that include control groups consisting of acutely underweight and malnourished patients without an eating disorder. Thus, our study is informative for eating disorder studies, in that, microstructural changes in the brain regions, which have been implicated in the pathophysiology of eating disorders, were observed as a result of the three-week fasting period and were not related to malnutrition or underweight.
A limitation of the current study was the relatively small sample size, which may have been inadequate to detect the statistical significance of some effects (31) . Also, the present study could have been improved by using a single group with measurements made on the same subjects before, during, and after the fasting period. However, we could initiate the study during Ramadan and thus used a control group. One other limitation of this study was that ROIbased analysis could affect the estimated diffusion parameters. Tract-based spatial statistics (http://www.fmrib.ox-.ac.uk/fsl/) would have provided more accurate and detailed results and revealed more significant areas showing whole brain voxel-based changes (32) . Furthermore, previous studies showed that ADC values may differ according to the ROI size (33). In the current study, ROI sizes were determined based on the size of the brain area measured. Thus, although the ROI sizes differed by the brain area, for the same brain area the ROI sizes were the same across the three measurements (i.e., study group phase 1, study group phase 2, and the control group). Finally, Ramadan fasting involves total abstaining from not only food but also fluids, which can impact serum osmolarity and, eventually, intracellular water content and quantitative values of DWI and DTI. In the current study we did not examine the effect of dehydration using a direct measure of body water content such as serum osmolarity. However, studies that investigated serum osmolarity changes in active Ramadan fasting groups found that Ramadan fasting did not affect serum osmolarity (34, 35) .
In conclusion, we observed microstructural changes in the brain of healthy individuals after a three-week Ramadan fasting period, and DTI enabled the visualization of these microstructural changes. The identification of brain locations in which temporary changes occur in ADC and FA values during fasting may be helpful in diagnostic imaging and understanding the pathophysiology of eating disorders.
